The present study focuses on the synthesis, characterization, and investigation of a p-n heterojunction photocatalysis. Titanium dioxide (TiO2) can't alone induce the photocatalytic water splitting due to its wide bandgap, which decreases its catalytic activity in the visible light.
Introduction
Hydrogen is progressively gaining much attention as an alternative to fossil fuel [ 1 ] . The specific energy of hydrogen (141.9 kJ/g) is higher than that of gasoline 46.5 kJ/g and coal (30.2 kJ/g) [ 2 , 3 ] . Typically, hydrogen is consumed in the proton exchange membrane (PEM) fuel cell, where it is supplied to the anode to tiger the anodic reaction through the fuel cell. Several routes are currently available for hydrogen production. Of them, photon-induced water breakdown using the solar beams is extensively studied. It is an attractive technology for producing clean and renewable energy without byproducts or pollution [ 4 ] . Principally, the photocatalysis reaction occurs in three steps: Excitation step, diffusion through the boundary layer, and surface transfer of photo-induced charge carriers. Accordingly, an efficient photocatalyst must satisfy several critical aspects related to its chemical properties, crystalline structure, and surface characteristics.
However, semiconductors usually demonstrate deficiencies in its operation. Like so, it is thought-provoking to find a component that can alone fulfill all of these requirements. Although numerous semiconductors for water splitting have been studied in the last few decades, yet, their activity in a wide spectrum region needs more investigation. It is also evident that a singlecomponent photocatalyst like TiO2, cannot obtain the desirable photons to electron efficiency. A semiconductor heterojunction is typically formed by the direct contact of two layers of dissimilar crystalline semiconductors. This structure can promote the charge transfer of photocatalysts through several mechanisms including (i) direct hole mobility from the valence band and (ii) indirect hole transfer through the surface states [ 5 ] . When two dissimilar semiconductors are combined, the charge transfer by e/h pair can prolong the lifetime of the e/h charge carriers. As a result, permitting extra time for the photocatalytic process. Furthermore, the bandgap of the dissimilar semiconductor should be as close to the water cleavage range as possible so as to extend the energy range of photo-excitation for the system.
Theoretically, when photons with energy hν>Egap are absorbed by a semiconductor during the photoelectrochemical process, electrons are excited through the forbidden bandgap, producing the e/h pairs. For a heterojunction initially held at the equilibrium potential, the local concentrations of e/h will be shifted from the equilibrium values. This will cause a split of the Fermi level into several quasi-Fermi levels. Meanwhile, the holes generated by photoexcitation process can accept electrons from the adsorbed water molecule, electron flow proceeds and a photocurrent is generated. The intensity of that current depends on the generation, collection, and reaction of holes in the heterojunction interface. It is evident that the driving force for the e/h movement is the gradient of the correct quasi-Fermi level. The current density is therefore given by [ 6 ]:
where n and p are the concentrations and un and up are the mobilities of electrons and holes.
Remembering that the electrochemical potential can be separated conceptually into chemical and electrical parts, often referred to as "drift-diffusion" models.
The of the electron/hole pair recombination time is calculated using equation [ 7 ]:
where ∆n is the excess carrier density (cm -3 ) and R is the rate of recombination of the excess carriers given by:
Furthermore, Martina De Laurentis and Andrea Irace [6] signposted that the e/h rejoin can be handled only by the quantum mechanical calculations. As it includes shifts between active states, it is intrinsic that the rate of recombination of e/h solely relies on the likelihood of occupation of the energy levels. Thus, it depends on (i) the energy, (ii) the temperature, (iii) the e/h concentration, and (iv) the excess carriers Δn. Generally, the e/h recombination has a trivial impact on the bandgap energy, suggesting that by increasing the e/h lifetime, high photocatalytic activity is expected, which is also consistent with the previous reports [ 8 , 9 ] .
Titanium dioxide (TiO2) is frequently studied as a stable photocatalyst for water splitting reactions [ 10 , 11 ] . It embraces several merits as a photocatalyst, like remarkable optical and electronic properties, good stability, activity to both light and aqueous solutions, and its robust oxidizing ability [ 12 ] . Even so, TiO2 possesses a relatively long band gap (3.2 eV), thus, it is preferably used to conduct the photochemical reaction in the ultraviolet (UV) light region [ 13 ] . In addition, it has been reported that the recombination of the e/h pairs is noticed upon the excitation of TiO2 photo catalyst. These hurdles slowed down the practical applications as a photocatalyst. Accordingly, numerous works have been dedicated to reducing the bandgap of TiO2 to grasp as much visible light spectrum as possible. Doping the TiO2 with one of the transition metal oxides, (like Fe; Zn; Cu; Ni; and V), leads to a decrease in the photocatalyst bandgap [8, 9, 14 , 15 ]. In addition, construction of a photocatalyst containing TiO2, a non-metal (C, S, and N), and metal (Fe, Ni, and Cr) can form extra acceptor and donor states above and below the valence and conduction bands, respectively [ 16 , 17 ] .
Contrariwise, doping of carbon nanostructures like nanotubes (CNTs), reduced graphene oxide sheets (rGO), and functional graphene sheet (FGs) with TiO2 have been investigated. It was found that doping of carbon nanostructure with TiO2 not only improves the photocatalytic activity but also provides extra electron acceptors sites that enhance the overall photo-conversion efficiency [ 18 , 19 , 20 , 21 ]. Due to its high work function (4.42 eV) [ 22 ] , graphene can accept photogenerated electrons from the CBs of most semiconductors without barriers, which will efficiently conquer the recombination of e/h pair and significantly enhance their reaction ability.
Furthermore, graphene has a relatevily high electrical conductivity. Therefore, the electron's mobility is very fast across the rGO sheet that causes electrons to reach the active sites for H2 evolution. Accordingly, numerous researches emphathized on the role of rGO to enhance the H2 production activity, and many promising results are achieved using rGO phohotocatalyst in both UV and visible light-active systems [4, 11, [18] [19] [20] . The TiO2/rGO photocatalyst has been intensely investigated to detect the best TiO2/rGO ratio for photocatalytic H2 production. For instance, X. Y. Zhang et. al [ 23 ] investigated the photocatalytic activity of rGO/TiO2 with a different weight ratio of rGO. They indicated that by increasing the content of rGO, the H2 production rate increases to the highest value at rGO ratio of 10%. Further increase of rGO leads to a decrease in its photocatalytic activity due to the introduction of the e/h recombination centers into the composite [23] . Similar results were obtained in the hydrothermal prepared rGO/TiO2 photocatalysts by the same group [ 24 ] . They concluded that the photocatalytic property was enhanced due to the role of rGO as an electron acceptor and transporter. On the other terminal of the heterojunction photocatalyst, another dopant should be able to act as an electron donor during the hydrogen evolution reaction.
In this study, the synergistic doping of the p-Ni /n-TiO2 nanoparticles over the substrate of rGO has been investigated to enhance the PC activity toward H2 production from water. The study is aimed at selecting the suitable ratio of Ni dopant to TiO2 and rGO. The catalytic activity of Ni /TiO2 supported on rGO depends on the preparation methods of the catalysts. In addition, a kinetic study has been conducted to verify the dependence of the apparent reaction rate on the reaction temperature.
Experimental

Preparation of the photocatalyst
Preparation of GO
A simple process to prepare Graphene oxide (GO) in the laboratory is the modified Hummers method. First, two grams of graphite powder (Sigma Aldrich Co., powder, <20 µm, synthetic) and one gram of sodium nitrate are mixed with a 9:1 mixture of H3PO4:H2SO4. The process is done in an ice bath to control the reaction temperature. Second, adding 12 g of KMnO4 to the mixture carefully while stirring. Then, the stirring continues for an hour at a temperature of 35 o C.
Subsequently, H2O2 and distilled water were added to the mixture while stirring for 30 min to precipitate brownish-yellow GO.
Fabrication of Ni-doped rGO/TiO2 nanocomposites
The following steps are implemented to prepare the photocatalyst. First, dispersing one gram of GO in 50 ml ethanol by stirring. Then, sonication is done for 30 minutes. Afterward, a suitable amount of the Ni acetate was added to the mixture solution and boiled under reflux at 150 o C for 10 h. Consequently, the solution was filtrated to collect the filtrate, which is mixed with a proper mass of the precursor of TiO2 (titanium tetra isopropoxide). After drying, samples were calcined at 800 o C for 3 hours. In these experiments, the mass of rGO and TiO2 was fixed, and the mass of transition metal nanoparticles varies in such a way that the mass ratio is (rGO:TiO2: Ni = 10: 1:
(1 to 5)).
Characterization of physical properties
The surface characteristics and the degree of crystallinity of the prepared nanocomposite were determined using X-ray diffraction (Rigaku Co, Japan). It has an incident ray (λ = 1. The surface area and the average pore size of the Ni-rGO/TiO2 nanocomposite are typically measured by the nitrogen adsorption BET method. They have been calculated by interpreting the adsorption isotherm of N2 using Nova Station A 2200 surface area analyzer.
Photocatalytic activity for hydrogen production from water splitting
Photocatalytic water splitting reaction has been conducted in a 250 ml conical flask with a side opening and a stopper. The experiment starts by put in 50 mg of the catalyst in methanol/water mixture (75 ml water: 25 ml methanol, as a scavenger). Stirring is done to reduce the effect of the hydrodynamic boundary layer around each nanocatalyst particle. Like so, it stimulates the gas disconnect after generation during the photocatalytic reaction. The H2/ O2 gases pass through the side opening of the flask and collect over the water in an inverted graduated cylinder. The rate of volume increase with time is recorded, and the volume of accumulated hydrogen is 
Results and discussion
The physical characterization of the Ni-rGO/TiO2 nanocomposite
The surface morphology of the prepared Ni-rGO/TiO2 nanocomposite is shown in Fig. 1(a) . It can be observed that the rGO layer appears with scattered irregular spots of Ni and TiO2
nanoparticles. This arbitrary distribution of the NPs through the rGO sheet can generate local active sites to facilitate the photocatalytic reactions. Figure 1 The permeability of the prepared nanocomposite is typically calculated through the nitrogen adsorption/desorption cycle. The average pore size is important to indicate the tendency of the reactants and products to efficiently pass through the pores to the active sites. The BET surface area analysis is shown in Table 1 . Remarkably, the Ni-rGO/TiO2 nanocomposite sample exhibits a higher surface area than the commercial GO or the pristine rGO. This can be explained by the effect of the thermal treatment of the photocatalyst. Which doesn't merely increase the surface area, but also reduce the average pore size. peaks are relatively lower than what expected from pure anatase. The reason for that is the effect of the calcination step, which breaks down the crystal structure within the sample and relatively weakens its sharp edges [26] . Furthermore, the peak appeared at 2θ values of 42.9 o could be attributed to the presence of either Ni or NiO according to the JCPDS cards no (04-0850 and 44-1159), respectively. A discrete reason emerged from that is the calcination step has a significant effect on the degree of the reduction of the Ni acetate precursor of the Ni nanoparticles. The decomposition of the acetate group can lead to the formation of NiO in the presence of oxygen and to Ni in the inert gas calcination process [ 26 ] . Actually, our calcination step has been conducted in vacuum at 850 o C. Then, we expect that the calcination step produced more Ni than NiO nanoparticles. Incorporating the rGO with Ni and TiO2 atoms induced the formation of small size crystals and decreased the degree of crystallinity.
Turning to the visible light absorbance of the prepared nanocomposite, the performance of the prepared nanocomposite compared to pure TiO2 anatase is depicted in Fig. 2(b) . The major absorption edge (λabs) for anatase can be obtained at 385 nm, which matches a bandgap of 3.2 eV To verify the presence of Ni and Ti incorporated in the rGO texture, the XPS analysis has been conducted. This analysis also identifies the chemical status of the dopant elements. Figure 3 XPS spectrum of the C 1s peak. It shows that the peak at 284.46 eV, this broad structure of the main C=C, and C-OH at 284.37 eV, and 285.46 eV. Figure 5 (c) displays the split spin-orbit components of Ti2p spectrum. It indicates two non-symmetric peaks, the sharp one at 459.06 eV (corresponding to Ti 2p3/2) and a relatively small peak at 464.75 eV (corresponding to Ti 2p1/2), respectively. According to the Coster-Kronig effect, the post-ionization state of Ti2p1/2 is shortlived compared to Ti2p3/2 state. These outcomes are in line with the previous studies shown in [ 29 , 30 ] . As confirmed in Fig. 3(d) , the presence of the oxygen could be attributed to Ti attachment or rGO active sites. The presence of trace oxygen atoms in the rGO nanocomposite enhances carbon to carbon bonds and confirms the high quality of reduction. Figure 3(d) displays the O1s spectrum. The main peak observed at 532 eV corresponding to the metal oxide bond. 
The photons-induced hydrogen generation
As the nanocomposite photocatalysts should work under visible solar radiation, the experiments have been conducted outdoor on sunny days. Typically, methanol is added to water as a scavenger component that does not interfere with the photocatalytic reaction. Its role in the photocatalytic water splitting is to quicken the hydrogen combination and evolution steps.
Actually, methanol facilitates the electron injection to the conduction band according to the following mechanism [ 31 ] .
On the rGO surface, methanol will not react with the holes. Alternatively, it will react with the OH radicals as follow: * OH+CH3OH→ * CH2OH +H2O (6) Figure 4 (a) displays the specific volume of hydrogen generated as a function of time for different ratios of Ni loading (rGO:TiO2: Ni = 10:1: 1~5). The volume of H2 has been calculated from the volume change observed over the water level. It is evident from Fig. 5(a) that the ratio 10:1:4 (rGO: TiO2: Ni) exhibited a comparatively better evolution rate of 18.2 ml H2 min -1 g -1
catalyst.
Further addition of Ni nanoparticles showed a less rate of hydrogen production. In all the prepared samples, the volume of the collected hydrogen is a linearly time-dependent function.
This reflects the stable activity of the prepared nanocomposite photocatalysts.
As verified by XPS, Ni should attach to the oxygen/ hydroxide functional groups over the rGO sheet. The NiO is a p-type semiconductor with a bandgap 3.6 eV, while TiO2 is n-type with a bandgap 3.2 eV [ 32 , 33 ] . A combination of p-n couples over the rGO sheet significantly improves the captivation of visible spectrum of the solar beams. Also, it extends the recombination time between the charge carriers (e/h). An arbitrary mechanism is shown in Fig. 5 . Typically, rGO represents the main constituent of the prepared nanocatalyst. Due to the preparation method, the rGO surface should contain several oxygen-functional groups partially attached to the surface with a π-π bond. The valence band is adjusted to the O 2p orbitals, causing a broader bandgap for rGO. Whereas the conduction band of rGO contains some antibonding π-orbitals (viz., π*orbitals) [ 4 ] . On the other side, the n-type TiO2 provides more electrons that can easily go to the conduction band, as the energy level between the donor and the acceptor is low. They tend to form more levels above the Fermi level, thus skewing the electron distribution higher, therefore, the Fermi level moves upward. Contrarily, in the case of the p-type Ni-doped rGO, more energy levels closer to the valence band are added, they can accept an electron from the valence band, leaving a hole in the valence band. Thus, there are more energy levels below the Fermi level, which skews the Fermi level down closer to the conduction band according to the Fermi function equation:
The quantum efficiency (QE) of photocatalytic water splitting to generate hydrogen can be 
where, 2 is the hydrogen production rate (mol s -1 ), ∆ 2 is the standard Gibbs free energy for hydrogen production (J mol -1 ), I is the incident light intensity (~ 262 W m -2 in Minia City, Egypt
[ 36 ])), and A is the subjected area (cm 2 ). The Gibbs free energy needed to produce one mole of hydrogen from water (237.1 kJ mol -1 ). The calculation of the efficiency of photocatalytic water splitting based on the value of 2 = 24.9 ml gcat -1 min -1 reached 42.1%. Actually, the adopted nanocomposite photocatalyst load should be taken into account. However, any direct comparison between the photoactivity (μmol H2 g -1 catalyst s -1 ) of various materials can be strained due to different operating conditions (i.e., effective specific light source).
The Stability of the nanocatalyst is a vital factor for its validation. Accordingly, we verified the stability of the nanocatalyst by performing the solar water-splitting reaction for eight runs. After each run, the nanocomposite catalyst is separated, dried and reused for the subsequence run. The results are shown in Fig. 4(b) specified the reproducibility of the photocatalyst to accelerate the photocatalytic water splitting reactions without losing its activity. Ideally, the rate of H2 evolution should be constant. However, the H2 production rate, which is represented by the slopes of the line in Fig 5(b) , increased as the runs proceed. This perhaps attributed to the sequence of reaction/separation/drying processes expose more active sites of the photocatalyst to be ready for the succeeding photocatalytic reaction. This finding indicates good stability for the photocatalysts. Accordingly, the rates of H2 production emphasize the high efficiency as well as better durability of the introduced Ni-rGO/TiO2 nanocomposite. 
The kinetic study
It is common knowledge that chemical reactions occur more rapidly at higher temperatures.
Thermal energy relates directly to motion at the molecular level. As the temperature rises, molecules move faster and collide more vigorously, greatly increasing the likelihood of bond cleavages and rearrangements. Whether it is through the collision theory or transition state theory, chemical reactions are usually expected to be sensitive to the temperature change.
Arrhenius equation is typically used to calculate the reaction rate constants. The equation predicts that a small increase in reaction temperature will produce a marked increase in the magnitude of the reaction rate constant.
where K is the chemical reaction rate constant, A is the pre-exponential factor or frequency factor; it represents the frequency at which atoms and molecules collide in a way that leads to reaction.
Put differently, it means all the reactants molecules hold enough energy to form the products. Ea is the activation energy is the threshold energy that the reactant(s) must acquire before reaching the transition state. R is the gas constant, and T is the absolute temperature at which the reaction takes place. Figure 4 (c) shows the rate of hydrogen generation at different reaction temperatures.
It is noticeable that the rate of hydrogen generation decreases as the temperature rise. In addition, Fig. 4(d) shows the relation between the reaction rate and temperature. The slope of the curve is negative, indicating that the net reaction is barrierless. Accordingly, the activation energy has been calculated to be -17.6 kJ mol -1 . The calculated value is higher than that obtained by Hisatomi T, et al [ 37 ] who calculated the activation energy to split water using Rh2-yCryO3/(Ga1-xZnx)(N1-xOx) catalyst. They found that the activation energy is 10 kJ mol -1 in the presence of ethanol scavenger and using Xenon lamp as a light source. Typically, the reactions involving charge transfer are denoted as barrierless reactions, in which the reaction only proceeds when the molecules are captured in a potential well. By increasing the temperature, it is expected that: ithe rate of photon conversion to heat increases, ii-the mobility of both charge carriers increases,
iii-the recombination rate of e/h increases. Therefore, the probability of the water molecules to react over the catalyst surface will decrease.
It is worth mentioning that the photocatalytic reaction consists of several steps as shown in Table   2 . The effect of temperature for the rate-controlling step will offset the adverse effect of the other relatively faster steps. In other words, the apparent activation energy for the water-splitting reaction reveals the activation energy of the slowest sub reaction stage. Those reaction stages involve photophysical steps and photoelectrochemical steps. Each is working simultaneously.
The photophysical step involves the photon absorption, photoexcitation of the charge carriers, and charge motion. While the photoelectrochemical step includes the formation of chemical bonds, a combination of charge carriers and ions, and water cleavage. The latter step has higher activation energies than the photophysical step. Contrarily, the rate of a photocatalytic reaction increases with increasing the intensity of photon excitation [26] . Some researchers suggest that the reaction order halfway decreases as the solar intensity increases. This reduction arises from the recombination of the charge carriers, which is second-order with respect to carrier concentrations. Furthermore, UV-visible absorption spectroscopy demonstrates that the Ni-rGO/TiO2 nanocomposite has an energy bandgap of 2.7 eV, which is a good indication for the reduction of the bandgap necessary for water cleavage. Experimentally, the optimum ratio of rGO:TiO2: Ni was 10:1: 4 which showed better photocatalytic activity toward water splitting under the visible light irradiation. The reproducibility of the results using the same nanocatalyst showed better stability during 8 cycles. The kinetic study revealed that the reaction is a barrierless with negative activation energy.
